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ABSTRACT

The densification of CaTiO₃ with the addition of
4.74, 5.90, 6.88 mol% CaCO₃ and 22 mol% LiF was
investigated over the temperature range 800° to 1050°C, for
sintering times ranging from 1 to 216 hours.

It was found

that CaCO₃ reacts with LiF and to form a liquid at a
temperature of about 450°C.

This liquid enhances the

densification of CaTiO₃ . The densification process was
followed by making weight loss, shrinkage and porosity
measurements.

The microstructural development was

determined by scanning electron microscope examination of
both fractured and polished surfaces.

X-ray diffraction

and DTA/TGA were used to determine the interaction of the
LiF and CaCO₃ additions with CaTiO₃ .
Results show that the highest density achieved was
93%TD for the composition CaTiO₃ + 6.88 mol% CaCO₃ + 22
mol% LiF.

The shrinkages and porosities were consistent

with the measured densities.

Weight loss is quite

dependent upon sintering temperature, sintering time, and
CaCO₃ content.

The weight loss measurements indicated that

the maximum weight losses were greater than that calculated
from the volatilization of LiF and by the decomposition of
CaCO₃ alone which suggests that yet unidentified additional
volatile compounds must be forming during the sintering
process.
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I. INTRODUCTION

Although the perovskite structure derives its name
from CaTiO^,

the crystal structure of CaTiO^ is slightly

distorted from the true cubic perovskite structure.
symmetry at room temperature is orthorhombic

( 1)

Its

, which

changes to tetragonal and cubic structure at 600°C and
1000°C respectively^^.

Linz and Herrington ^^

investigated some low temperature electrical and optical
properties of single crystal CaTiO^.
anisotropy,

They observed no

and found the properties to be quite similar

to those of SrTiO^-

The dielectric constant and losses

measured at a frequency of 1 Khz at the temperature of
425°K were found to be 186 and 0.0003 respectively.
The principal applications for ceramic dielectrics are
as capacitive elements in electronic circuits and as
electrical insulation.

The properties of most concern in

such applications are the dielectric constant,
losses

(4 )

.

strength and

A ceramic multilayer capacitor(M L C ) is a

special type of ceramic capacitor, which consists of a
ceramic structure with embedded electrode layers of noble
metals.

These electrode layers are interconnected so that

alternate layers act as anodes and cathodes of parallel
connected capacitors whose dielectric thickness is in the
order of 15 to 35 pm.

Today such capacitors are made from

2

a variety of dielectric ceramics which range from low K (K
is the dielectric constant),
complex,

nonferroelectric oxides up to

high K ferroelectric materials which are mainly

based on BaTiO^ compositions.
The possibility of producing multilayer capacitors at
temperature below 1000°C are important to the capacitor
industry since this represents a substantial savings in
electrode costs.

A common way to lower the sintering

temperatures is to add small amounts of sintering aids
which form a low-melting eutectic liquid which thereby
accelerates densification and grain growth via a
solution-precipitation process

(4 )

.

Among these LiF has

been suggested as an effective sintering aid for CaO and
M g O ^ ’^ ,r^ .

This has led to a number of studies in which

attempts to sinter BaTiO^ with LiF at temperature below
1000°C have been made.

This was first studied by Walker et

al^®^, and later by Amin et a l ^ ^

and Anderson et a l ^ 1*"^

who showed that it was possible to sinter BaTiO^ in the
presence of LiF at temperatures,
Haussonne

( 11

’

12)

below 900°C.

studied sintering in this system, as

a method to commercially produce capacitors.

These studies

have shown that the Ti/Ba ratio as well as the LiF content
influenced both densification and dielectric properties.
The influence of small quantities of LiF on the
densification of SrTiO^ was investigated by Proudian

(13)

3
who found results similar to those obtained for BaTiO^.

In

the systems which have been investigated it has been found
that LiF acts as a fluxing agent and forms a liquid at
temperatures below the normal sintering temperature.
this liquid which promotes densification.

It is

An additional

characteristic of this sintering aid is that its volatility
and solubility are such that most of the liquid can be
removed by annealing, thereby removing many of the
detrimentral effects that can be attributed to the presence
(14)
of the second phase in the grain boundary
. Since CaTiO^
has a structure and properties quite similar to BaTiO^ and
SrTiO^, it is expected that the addition of LiF to CaTiO^
can substantially reduce the sintering temperature below
1350°C where densification normally occurs.

The present

investigation was undertaken to study the densification of
CaTiO^ with the additions of LiF and CaCO^.

The parameters

measured were shrinkage, weight loss, and density.

The

reaction sequences in this system were studied by X-ray
powder diffraction techniques.

The microstructures were

examined by using scanning electron microscopy.

A
II.

REVIEW OF LITERATURE

Liquid-phase sintering is the process by which, in the
presence of liquid phase, rearrangement and mass transport
occurs leading to the reduction of the total interfacial
free energy of the system.

The behavior is manifested in

densification and changes in grain size and shape.
Studies of a large number of systems indicate that for
rapid densification to take place it is essential to have
1) an appreciable amount of liquid phase, 2) some
solubility of the solid in the liquid, and 3) wetting of
the solid hy the liquid
Bal’shin

(15)

(A )

explained that the high degree of the

densification during liquid-phase sintering as follows.
Under isothermal conditions when the liquid phase first
appears the number of mobile atoms of the basic component
increases sharply and then slowly decreases as diffusion
occurs.

In addition, owing to the high fluidity of the

liquid phase (and consequently high mobility of solute
atoms),

the accelerated filling of almost accessible pores

and capillaries in the material is faciliated.

(16)
Kingery'

proposed a different explanation of the densification
mechanism.

According to a semiquantitative theory of the

liquid-phase sintering that he formulated, solution occurs
at the contact areas with subsequent reprecipitation

5
occurring on the free surfaces of the solid particles.
Kingery explained this by the fact that a layer at the
contact area creates high capillary pressures, which tends
to increase the solubility of the solid phase in the
contact region so that material can be transfered from the
contact areas to the free surfaces of solid particles.
a result,

As

the distance between the centers of the particles

is reduced as the material being sintered dissolves and
reprecipitations^^.

The driving force for densification

is derived from the capillary pressure of the liquid phase
located between the solid particles, as illustrated in
Figure 1. When the liquid phase wets the solid particles,
each interparticle space becomes a capillary in which
substantial capillary pressure is developed

(A )

It has been suggested that liquid-phase sintering
kinetics can be divided into three densification stage;
i.e. rearrangement, solution-reprecipitation,
coalesence.

and

(Figure 2 is the hypothetical densification

densification curve for these three stages of liquid-phase
(17)
sintering)
Rearrangement:

This is the random rearrangement of the

grains of the solid phase by viscous flow of the liquid
phase, which leads to closer packing and rapid shrinkage.
The volume of pores between the solid particles amounts to
25-50%, depending on the degree of packing and particle

6

Figure 1. Spherical Particles held together
by liquid Capillary Pressure. (Reference 4)

Percent

Relative Density ( T D )

7

Tim e (t)

Figure 2. The Densification Curve for three Stages
of Liquid Phase sintering. (Reference 17)

8

size.

Densification increases with liquid phase content as

’friction' is diminished.

With a sufficient amount of

liquid phase, the nonporous state can be attained as the
result of the regrouping process alone.
Cannon and Lene

According to

(18)

, this quantity of liquid phase must be
/ 1c \
at least 25% by volume.
Kingery
concluded that if the
solid-phase particles are spherical then the minimum of the
liquid phase required for complete densification is 35
volume percent.

A decrease in liquid content tends to

lessen densification when this is the only mechanism
operative.

In this instance,

other sintering processes are

necessary for densification (see Figure 3).
For solids in which solubility of the grain is small,
wetting of the grain by the melt is very important to the
densification process.

Because of the shape of the

meniscus, densification takes place more rapidly with
improved wetting.

The forces of attraction between two

spherical particles, where a concave lenticular liquid
phase is situated, depends on the degree of wetting. Coarse
powder particles and small quantities of liquid should lead
to greater forces of attraction.

Assuming that

densification of this stage depends entirely on viscous
flow, Kingery
shrinkage

(if*)

' obtain the following expression for

9

0
Volume

0.2

0.4

fraction of liquid phase

Figure 3. Shrinkage due to Regrouping (I) and
to other processes (II) in relation to
the amount of liquid [initial specimen
porosity 40%].
(Reference 17)
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Al/1 o

1/3.AV/V

At

o

1+x

( 1)

where: A and x are constants
and

t is a sintering time.

The exponent (1+x) is greater than unity since during
sintering, the pore sizes decrease and the driving forces
of the process increase.
Solution-Precipitation:

For this to take place, a

limited solubility of the solid in the liquid phase is
required.

Densification occurs more slowly than in the

rearrangement stage, because the transport of material must
proceed by means of dissolution and diffusion through the
melt.

Small grains with strongly convex curvatures then

disappear, while the larger ones assume a more regular
shape.

At contact points the surface tension creates high

capillary pressures, which favor increased solubility of
the solid in the liquid phase.

The stressed state of the

contacts causes a chemical potential gradient and increases
the solubility of the substance in contact area in
(16)
accordance with the relationshipv

M -

where:

= RTlna/aQ = RTlnC/CQ = APVQ

(2 )

*pi* and *af are the chemical potential
and the activity of the solid component in the
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liquid phase within the contact zone,
’Li' and fa * are the chemical potential
o
o
and the activity of the solid component in the
liquid around the free surface,
R is the gas constant,
T is the absolute temperature,
AP is the pressure differential that causes the
stress at the particle contacts, which enables
the material to go into solution, and
V

is the molar volume,

o

Material is tranferred from the contact region to the
concave neck where it is deposited.

This results in both

densification and grain growth.
(16)
This process was modeled mathematically by Kingery'
who considered the influence of surface tension only in the
contact region between two spherical particles of radius r.
(see Figure 4).

It was found that by using the assumption

that solution occurs only in the contact zone, and that
during the solution of each sphere, a round contact zone of
radius x will occur at a distance h along the line
connecting the centers of the particles.

The volume of

material removed from one sphere is:

V = 7rx^h/2

(3)

12

Figure 4. Diagram Illustrating the Joining of Spherical
Particles Resulting from Solution of the Substance
at the Contact Surface. (Reference 17)
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Since x
h

2

2

2
= 2rh - h , and using the approximation that

can be neglected when h<<x, then:

x

2

2rh

(4)

which when substituted into equation (3)
yields

V

= jrrh2

(5)

If it is assumed that the rate at which the substance
is removed from the contact area can be related to the
diffusion flux from the contact surface to the surrounding
region, then by using the analogy between the diffusion
flux of the substance and the heat flux from the center to
a cooled surface, of a cylindrical solid, the diffusion
flux per unit thickness is given by

J

= 4 ttD(C-Co ) ,

(

6)

For a boundary thickness 6 the chance in volume with
time thus is given by
dV/dt

= 6J = 4 7r<5D(C-C )

(7)

If we assume that the pressure at the contact
surface is inversely proportional to the ratio of the
contact surface to the sintering surface of the particles,

1A

then

AP

= k2 TLV/k1h

(8)

where: k^ is the ratio of the pore radius to the
particle radius and
k2 is a proportionality constant.
is the liquid-vapor surface tension.
Rearranging eq(2) and combining with eq(8), we have

C~Co

= CQ [exp.(k2yLVV0 /klhRT)- 1 ]

(9)

Thus from eq(7), the time rate of reduction of volume
of spherical particles becomes:

dV/dt = A 7r6DCQ [exp. (k2 yLVVQ/ k lhRT)-1 ]

(10)

which by the time derivative of eq(5) is
related to the shrinkage by the expression:

dV/dt = 2 7rrh.dh/dt .

(11)

The change in volume is related to the geometry of the
system by

15
AV = 4/3. ?r(r 3-r 3 ) =
po
p

x4/16r

(12)

where: AV is the reduction in volume of the body which
is related to the reduction in volume of the pores, r^ and
are final and initial radii respectively,
po
The equation can be rearranged to yield

r

= (r

3- 3x4/64r)1/3

(13)

Thus the shrinkage can be expressed by:

h/r = Al/1
or

o

= 1/3.AV/V

h/r = (6k06DC
2

o

V /k,RT) 1/3r'A/3t l/3 .

o LV o

1

(14)

If the phase boundary reaction is rate controlling a
similar relationship can also be derived.

In that case,

the time dependence for shrinkage changes from 1/3 to 1/2
as can be seen the following expression

41/1

O

= (2k,k-Y. ,,CnV / k ^T) 1/2r_1t 1/2
3 2 LV 0 O

(15)

1

where: k^ is a proportionality factor

(17)

In case of prismatic grains, the geometrical
relationships are not as simple as those for spheres.
However, during the very early stages of the process, where

16
most shrinkage is due to edges in contact, if diffusion is
rate controlling,

(A1/1q ) = t

reaction is rate controlling,

and if the phase boundary
(A1/1Q ) = t

1/3

(1 7 )

.

Coalesence: This process mainly involves
microstructural changes that develop after most of the
densification has taken place.

A certain number of grains

are oriented so that the grain bundary energy is smaller
than twice the solid/liquid interface energy and
consequently, liquid can not completely penetrate between
grains.

In this case, little, if any, sintering occurs

during this stage and the driving force for such
densification has to be due to the reduction of total
surface energy with the rate being determined by the grain
boundary reaction.

Consequently, the densification rate

should decrease to that observed for solid state diffusion
and no influence of liquid phase will be observed.

Model

experiments have proved the-validity of the theoretical
equations. However, their applications to real systems is
limited,

because real systems have irregular particle

geometries and size distributions, nonuniform particle
packing, and the possibility of the occurrance of multiple
sintering mechanisms which have more complex reactions than
those due to simple dissolution of solid phase into liquid.
Although equations predicting densification kinetics in
real solid-liquid systems cannot be derived,

studies have

17
shown that the most important factors are: relative
solid-liquid volumes,

relative equilibium interfacial

energies of the phases involved, wetting of solid by the
liquid, and reactions between component phases.
Carnall'
with 1 wt% LiF.

, studied the densification of MgO doped
He showed that there were three important

steps in the process.

The first step occurred by crystal

rearrangement to achieve denser packing.

Next, solution

and reprecipitation of the MgO caused additional
densification and grain growth.

Finally densification

slowed due to the reduced solubility of MgO in LiF.
The effects of some halides

(e.g. LiF, NaF) and other

oxide additives on the hot pressing and sintering of BaTiO^
were investigated by Walker et a l v

.

It was found that

0.5-3.0 wt% LiF aided densification, yielding densities
>98% theoretical density BaTiO^ at temperature as much as
500°C lower than without additives.

Furthermore,

it was

observed that combinations of 1 wt% LiF and 2 wt% MgO
caused a 100% increase in the strength of BaTiO^.

However,

the piezoelectric coupling of these high strength bodies
was degraded which indicated that spontaneous strain can
affect the strength and piezoelectric properties of
ferroelectric transducer materials.
Transparent disks of the MgO were prepared by Rana et
al^^

by sintering mixtures of MgO and LiF powders.

The

18
sintering process consists of two annealing steps:
annealing in a LiF atmosphere at 860°C, and annealing in
vacuum or air at 1300°C.

The initial annealing step allows

permeation of the compact with a liquid phase thereby
filling the pores.

The presence of LiF particles at the

surface of compacts at temperature below the melting point
of LiF suggested that LiF is being transported in the
compact through the vapor phase, forming a liquid film
which aids in densification.

During the second annealing

step evaporation of the LiF aids the densification process.
(1 q )
Hart et al
suggested that hot pressing of LiF
doped MgO can be divided into three stages:
1) rearrangement of the particles, 2) pressure-flow
enhanced liquid-phase sintering, and 3) vaporization of the
liquid phase.
Ikegami et a l ^ ^

reported that F ions alone are

effective in promoting densification of MgO.

He found that

in the presence of F ions, densification and grain growth
of MgO proceeded simultineously and that upon completion of
sintering appreciable quantities of F-containing compounds
had vaporized from the compact.

The results showed that

both LiF and NaF significantly promote densification of MgO
during hot-pressing or sintering.
(14)
studied the densification of BaTiO^ in
Anderson

19
the presence of 1/2 to 2 wt% LiF over the temperature range
700 to 900°C.

He observed that the interaction between LiF

and BaTiO^ started around 500°C with rapid shrinkage
occurring around 700°C.

In the temperature range 700 to

800°C the shrinkage kinetics of 2 wt% LiF doped BaTiO^
appeared to be controlled by diffusion through a liquid via
a solution precipitation process with an activation energy
of 377 kj/mole.

The results showed that for LiF content

>_M2 wt%, BaTiO^ can be densified to densities > 95% TD
(theoretical density = 6.02g/cc)
and sintering times of about
Haussonne

(12)

for temperatures > 800°C

15 hours.

also studied the BaTiO^/LiF system, but

varied the cation ratio from Ti/Ba = 0.975 and 1, in an
effort to establish relationships between densification,
structure,

changes in Li and F content, and the dielectric

characteristics.

The nonsimultaneous volatilization of Li

and F plays an important role in the sintering process.

The

F disappears very rapidly before the beginning of
shrinkage, whereas the Li content evolution occurs slowly
and tends to stabilize the "cubic” crystal structure.

The

authors pointed out that both the phase assemblage of the
calcined BaTiO^

(pure BaTiO^ and BaTiO^ + BaCO^ + TiO^) and

the stoichiometry influence the reaction sequence and the
sintering process so that it is difficult to understand the
phenomena.

The data suggest that the of perovskite phase
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BaTi0 1 _xLix02_3x F’3x formed during sintering of the system
BaTiO^-LiF in the presence of excess B a .
In the last stage of sintering,

the perovskite

reverts to a tetragonal structure, whereas a liquid phase
appears that is unconnected to the densification process.
It is noteworthy that the liquid always appears at the
beginning of the cubic-to-tetragonal transition and
disappears later as the Li content decreases to an
asymptotic value.

The resulting dielectric properties are

characterized by a sharp Curie peak which shifts from below
room temperature to about
continues.

120°C as the sintering process

The authors pointed out that the nature of the

starting BaTiO^ influences the phase assemblage,
microstructure, and kinetics of the last stage of sintering
process.
Lapshin et al

(21)

studied the effect of the addition

of SrF^ (melting point = 1A00°C) and Zr02 on the sintering
kinetics of SrTiO^.

By comparing the shrinkage curves,

obtained at the same temperature,

it was concluded that

SrTiO^ with SrF2 additions had much a higher sintering rate
than with Zr02 additions which in turn had a higher
sintering rate than pure SrTiO^.

The higher densification

rate probably corresponded to the presence of a liquid
phase, which forms at temperature above 1 170°C in the
SrF2“SrTi02 system.

He performed a similar investigation

21
for CaTiO^ using ZrO^ and CaF£ addition and found the above
conclusions to be equally true for the sintering of CaTiO^.
The influence of LiF on the densification of SrTiO^
was also investigated by Proudian

(13)

.

High densities

could be achieved at temperatures as low as 690°C.
extended sintering times,

For

increasing the sintering

temperature had little influence on densification.

For

example, for the system Sr^ ^ T i O ^ + 2wt% LiF densities of
96% TD could be achieved after 250 hours sintering at
910°C, however, only a slightly lower density of 91% TD was
obtained after 250 hours sintering of the same composition
at 690°C.

The mechanism of sintering enhancement appears

to be through the formation of a liquid phase whose amount
depends on temperature as well as Li and Sr content.
A second phase was found to be present in the
specimens at temperatures both below and above the melting
temperature of LiF.

It was shown by EDS analysis that the

liquid phase formed was rich in Ti.

The amount of liquid

phase was strongly dependent on both LiF and Sr content and
to lesser degree on temperature.

There was little or no

grain growth observed after heating the specimens for
prolonged periods.

Grain size seems to depend on the

amount of liquid phase formed, as well as on the solubility
of the solid particles in it.

The exact nature of the

liquid phase and volatile components is not known but it is
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suspected to be in the form of a Sr, Ti oxyfluoride.
Two processes for hot-pressing CaO to less than
porosity were developed by Rice

(7 )

.

The first process was

to vacuum hot-press CaO without additives at
the temperature range

1%

10,000 psi in

1175° to 1230°C for 30 to 45 min.

The

second process used additives and a temperature of 1000°C
at pressures of 5000 to 6000 psi for

15 min.

Both

processes worked but the later applies to the current
research best. In this process,
successful; however,

both 2 wt% NaF and LiF were

LiF appeared to be better than NaF.

Chemical analysis of the sintered sample showed that Li was
readily driven off during hot-pressing, with the last
traces removed from samples after annealing at 1200°C.

The

F content was also reduced but not nearly as fast as Li.
The fact that residual F contents are much higher than the
Li contents suggests that LiF reacts with CaO to form CaF^.
This is in agreement with the work of Ludenkens and
Welch

/22)

.

This behavior might explain the greater

retention of F in CaO than in MgO.

Comparison of

(23 )
vaporization data of Schulz and Searcy
with that of
/24 )
Berkowitz and Marquart
shows that MgF£ has a higher
vapor pressure than CaF^

(e.g. at 1200°C the ratio is

between 20 and 10 to 1) which could also account for the
retention of F in CaO.
Knutsen et al^2^

studied the influence of LiCl on the
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rate of the decomposition as well as on the morphology of
ultrafine CaO powders.

It was found that at 700°C and

in the presence of CO^,

just below the equilibium

decomposition CO^ pressure,

liquid LiCl increases the rate

of decomposition of CaCO^ to twice that observed in vacuum.
This is probably because the solubility of CaCO^ in the
melts gives a liquid-phase reaction path.

Furthermore,

LiCl reduced the surface area of the resulting CaO.

Both

results might be important in producing important material
such as CaO by decomposing the carbonate at temperatures
lower than those presently required. This could result in
a substantial energy saving.
According to Beruto et a l v

, the interaction of LiBr

with CaCO^ powders gives a phase tranformation at the
temperature 786°K.

This might be due to the formation of a

eutectic liquid phase between LiBr and CaCO^ in the LiBr
region.

The LiBr does act as a catalyst but it changes the

mechanism of the reaction so that the temperature of the
decomposition reaction is decreased.

The decomposition

occurs through a temperature dependent liquid-phase path
which is controlled by the liquid phase.

It thus seems

reasonable to assume that morphology variations of CaCO^
particles are mainly due to the action of liquid phase
between LiBr and CaCO^ acting below the LiBr melting point
(823°K).
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Aluminium nitride

(AIN) shows low sinterability

because of its covalent bonding.

The effect of CaCO^

additions on the sintering of AIN was studied by Komeya et
al

(27 )

.

The addition of small amounts of CaC0^(0.3 wt%

as CaO) allowed densities as high as 3.25 g/cc(99% of
theoretical)
min.

to be achieved by sintering at 1800°C for 60

In contrast with no additives under similar

conditions, densities only in the order of 2.6 g/cc(79%
theoretical) were attainable.

For the sintering at 1750°C,

full densification was obtained with 5 wt% CaCO^ additions.
This can be explained as a result of liquid phase formation
and the acceleration of the densification process by
liquid-phase sintering.
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III. EXPERIMENTAL PROCEDURE

A. MATERIALS AND SAMPLE PREPARATION
High purity CaTiO^ powders were prepared using the
"Pechini Process"

(28)

.

This process yielded powders of

about 0.1 pm crytallite size with purity levels of about
99-9%.

The Ca/Ti ratio was altered by the addition of

4.94, 5-90, and 6.88 raol% CaC02 to yield the ratios of
1.05,

1.06,

1.07 respectively.

Each of these compositions

was combined with 21.62 mol% of LiF and dry mixed in
plastic bottles in a vibrating mill for 20 minutes.

The

resulting mixtures were moistened and dry pressed into 1.28
cm diameter discs with green densities of about 50%
theoretical density

B. SHRINKAGE DETERMINATIONS
Initial and final diameter measurements were made by a
micrometer which was accurate to + 0.001 cm.

C. WEIGHT LOSS MEASUREMENTS
For the weight loss determination,

the pressed discs

were first weighed and then placed on a zirconia plate and
heated in the 800° to 950°C temperature range for fixed
times. After heating the specimens were again weighed.

The
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measurements were made on an analytical balance to
+ 0.0003 gm.

D. DENSITY MEASUREMENTS
The density was measured using a buoyancy technique.
The liquid used was M-Xylene which has a chemical formula
C8H 1q and is also known as 1,3-dimethyl benzene.

The

density of M-Xylene was found to range between 0.8614 and
0.8631 g/cc. To make the density measurements,

the samples

are first weighted in air and then soaked for 15 minutes in
M-Xylene.

After drying their surfaces, the samples were

weighed again in air.

The samples were then suspended in

M-Xylene and their weight redetermined

The densities were

determined by calculation (see appendix B).

E. THERMOGRAVIMETRIC MEASUREMENTS
This measurement was made by using a Mettler TGA-DTA
system which heated specimens at a rate of 10°C/min in an
air atmosphere over the temperature range 25 to 950°C.

For

this analysis, 200 mg powder samples of CaTiO^ + 5-90 mol%
CaCO^ + 21.62 mol% LiF, 30 mol% CaCO^ + 70 mol% LiF, Pure
CaCO^, and CaTiO^ + 21.92 mol% LiF were used.
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F. X-RAY DIFFRACTION ANALYSIS
The starting powders of CaTiO^,

CaCO^ and LiF as well

as sintered and unsintered specimens were subjected to
X-ray diffraction analysis.

G. SCANNING ELECTRON MICROSCOPE STUDIES
Electron micrographs of the sintering sample

(both

fractured and polished surface) were taken using a Coats
and Welter Field Emission Scanning Electron Microscope and
a JOEL JMS 35C.
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IV.

RESULTS AND DISCUSSION

Because no phase equilibium data were available for
the CaTiO^-CaCO^-LiF system, the temperature at which the
components start to interact was determined by heating
mixtures in the DTA-TGA system.

The results show an

endothermic peak at about 100°C which is probably due to
the loss of absorbed water. At about 520°C, weight loss
that is accompanied by an endothermic heat effect begins.
In the 550°-650°C temperature range, the rate of weight
loss reachs a maximum.

Further temperature increases to

1050°C result in additional weight loss but at a
substantially reduced rate (see Figure 5). The DTA-TGA
experiments did not reveal any reactions between CaTiO^ and
LiF in the 800°-1050°C temperature range. However, it was
found that LiF reacts with CaCO^ to form a eutectic liquid
(of composition of 30 mol% CaCO^ + 70 mol% LiF) at a
temperature of about 425°C (Figure 6).

When the liquid is

cooled, four phases, CaCO^, LiF, CaF2> and Li2C03 are
observed.

This assemblage may be related to the

displacement reaction;
CaC03 + 2LiF ---- > CaF2 + Li^CC^
LiF appears to increase the decomposition rate of CaCO^ at
the lower temperatures(<500°C) and form a low vapor
pressure liquid with CaCO^ and CaO at temperatures far
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Figure 5. The DTA-TGA System of Specimens.

TEMPERATURE (*C)
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Figure 6. Phase Equilibium Diagram of LiF-CaCO^ System.
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below the mel ting temperature of LiF (846°C). This
mechanism is the same as that for LiCl, LiBr react with
CaC03 (25,26).
The thermal effects, weight losses, and shrinkages
observed at temperatures below 600°C suggest that the LiF
reacts with CaCO^ to form the eutectic liquid which
enhances the densification of CaTiO^. The use of scanning
electron microscopy on polished and fractured surfaces of
specimens sintered in the 550-1050°C temperature range,
confirmed the existance of a liquid phase (see Figures
7-8). The composition of the glassy phase has not been
established, however, EDS analysis shows that the glassy
phase has a higher Ti content than is present in CaTiO^
(about 5 mol% or more). After sintering for 16 hours at
900°C the composition CaTiO^ + 6.88 mol% CaCO^ + 22 mol%
LiF shows that the grain size increased from 0.1pm to about
2 pm (Figure 9), however, further SEM examination of
specimens sintered at higher temperatures and longer times
indicates that little additional grain growth.

The lack of

grain growth is probably a result of the cubic morphology
(as seen in Figure 9) which is due to the action of liquid
and /or vapor transport occurring during sintering.
From the phase equilibium diagram as shown in Figure
6, we expect all of the LiF-CaCO^ mixtures used to form a
liquid.

Using the assumptions that;
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Figure 7. Fractured Surface of CaTiCU + 6.88 mol% CaCCU
+ 22 mol% LiF Composition Sintered at 550°C,
for 1 hour (shows glassy phase).
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Figure 8. Polished Surfaces of CaTiCU + 6.88 mol% CaCO^
+ 22 mol% LiF Composition Sintered at 550°C,
for 1 hour (shows glassy phase).

,m m |

Figure 9 . Fractured Surface of CaTiO^ + 6.88 mol% CaCCU
+ 22 mol% LiF Composition Sintered at 900°C,
for 16 hours (shows grain size and shape of
CaTiO^ ) •
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1. the LiF reacts with CaCO^ to form a liquid at low
temperature and
2. this liquid has a density of approximately 2.4
gm/cc,
3. the initial open porosity of a one gram 49% TD
compact is 0.13 c c .
It is possible to estimate the liquid content at the
beginning of sintering.

It is estimated that the initial

volumes of liquid for the compositions: CaTiO^ + 4.74 mol%
CaCO^* 22 mol% LiF, CaTiO^ + 5.90 mol% CaCO^ + 22 mol% LiF
and CaTiO^ + 6.88 mol% CaCO^ + 22 mol% LiF are 28%, 30% &
32% respectively which suggest that about 60% of the
initial pores are filled with liquid.

The observed

densification behavior appears to follow that predicted by
(16)
Kingery'
' in the fact that the densification rate was
initially very high, which may be due to the liquid phase
or vapor phase reaction and then decreased rapidly as time
increased (see Figures 10-15).
The results show that the highest density was attained
after sintering at 1050°C for 216 hours for the composition

36

Figure 10. Densification Isotherm at 800°C as a Function of Time
of CaTiO^ + 4.74 mol% CaCO^ + 22 mol% LiF Composition.
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Figure 11. Densification Isotherm at 1050°C as a Function of Time
of CaTiO^ + 4.74 mol% CaCC^ + 22 mol% LiF Composition^
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Figure 12. Densification Isotherm at 800°C as a Function of Time
of CaTiO^"* 5-90 mol% CaCO^ + 22 mol% LiF Composition.
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Figure 13. Densification Isotherm at 1050°C as a Function of Time
of CaTiO^ + 5.90 mol% CaCO^ + 22 mol% LiF Composition.

AO

Figure 1A. Densification Isotherm at 800°C as a Function of Time
of CaTiO^ + 6.88 mol% CaCO^ + 22 mol% LiF Composition.
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Figure 15- Densification Isotherm at 1050°C as a Function of Time
of CaTiO^ + 6.88 mol% CaCO^ + 22 mol% LiF Composition.
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*
1.07 . This density was found to be 3.78 g/cc or 93.7%
theoretical density, where the theoretical density of
CaTiO^ is 4.036 g/cc.
However, it was found that the 1.05 composition
achieved 92% TD after sintering 216 hours at temperature
800°C.

It suggests that the sintering temperature is less

important than Ca/Ti ratio. This is probably due to the
presence liquid and/or vapor phase at temperatures below
600°C, and that further increases in temperature has little
benefit. As can be observed in Figure

16, the density of

specimens appears to maximize at about 93% TD over the
temperature range 800-1050°C. Microstructural examination
suggests that the reason that densification ceased at 93%
TD is probably due to the presence of large holes within
the specimens. It is suggested that the holes (see Figure
17) are due to the dissolution of relatively large LiF
particle

(> 10 pm). This hypothesis was confirmed by

preparing some compositions by dissolving the LiF in water

* For a simplicity the compositions:
CaTi03 + 4.74 mol% CaCO^ + 22 mol% LiF,
rH

CaCO^ + 22

o
£

as
i
—i
o
£

CaTiO^ + 5.90

LiF,

and CaTiO^ + 6.88 mol% CaCO^ + 22 mol% LiF,
will be denoted by their Ca/Ti ratio which is 1.05,
and 1.07 respectively.

1.06

Figure 16. Densification of Specimens for 216 hours, Ca/Ti Ratio
is the Parameter.
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Figure 17. Fractured Surface of CaTiO^ + 6.88 mol% CaCCU
+ 22 mol% LiF Composition Sintered at 900°C,
for 16 hours (shows large holes in
microstructure).

prior to adding it to the CaCO^ and CaTiO^ mixtures. When
specimens from these preparations were sintered, a marked
increase in density was observed (see Table I). This
suggests that increase densities beyond 93% TD can be
acheived by reducing the particle size of LiF.
Figure 18, showed that the best sinterability was
found in composition 1.05 with 92% TD at temperature as low
as 800°C whereas compositions 1.06, and 1.07 reached this
value only at the highest temperature,

1050°C. This

suggests that LiF reacts with CaCO^ as well as CaTiO^ to
form a liquid or vapor phase which enhances densification
in the same manner as has been observed for SrTiO^, and
/

BaTiO^'

<1 '■j

^

*

/

j.

Evidence for a volatile phase is shown in

Figure 5, in which an endothermic peak of thermal reaction
was accompanied with the

weight loss at about 550°C.

The data shown in Figures 16 and 18 suggests that
compositions of Ca/Ti ratio less than 1.05 might be densify
better than those with higher ratio. To clarify this, a
composition with Ca/Ti ratio of 1.03 was sintered at 900°C
for 16 hours. A density of only 3.04 g/cc.

(75% TD) was

obtained, which was below the value of 3.51 g/cc.

(86% TD)

that obtained for composition 1.05 that was sintered under
similar condition. Thus it appears that Ca contents less
than that for Ca/Ti 1.05 do not enhance sintering. This is
difficult to explain since Figure 6 suggests that the
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TABLE I.
DENSITY MEASUREMENTS
OF SPECIMENS SINTERED AT 900°C, FOR 16 HOURS

Ca/Ti

Bulk Density

Bulk Density

Ratio

of Wet Mixing

of Dry Mixing

Specimens

Specimens

(g/cc.)

(g/cc.)

% Increase
of TD

1.05

3.60

3.51

3%

1.06

3.63

3.5 2

3%

1.07

3.69

3.47

5%

AT

Figure 18. Densification of Specimens for 216 hours, Temperature
is the Parameter.
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liquid phase content changed very little. However, it may
be due to the ternary eutectic in CaTiO^-CaCO^-LiF system
which Figure 6 does not address.
As can be seen in Figures 19-24, the elimination of
porosity takes place mainly during the initial stages of
sintering.

For example in Figure 19, when composition 1.05

was sintered at 800°C, for 16 hours open porosity reduced
from 44% to 3%. This may be due either to liquid filling in
the pores or to other densification process.

If all of

liquid went into the pores then there would not enough
liquid present to fill all interstices to the level
observed. That is, the volume of liquid available is less
than 35% of total volume which will be not cause complete
densification during this initial stage as outlined by
Kingery

( 16)

. Thus other densification processes as

previously outlined must prevail.
The shrinkage results are illustrated in Figures
25-31. As can be seen for the composition 1.05 (in Figure
25) most of the shrinkage had occurred after sintering 16
hours at 800°C.

This is probably because the maximum

amount of liquid was present in the beginning which
increased the sintering rate. However, as the time
increased, the amount of liquid decreased so that the
densification rate also decreased.
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Figure 19. Open Porosity of CaTiO^ + 4.74 mol% CaCO^ + 22 mol%
LiF Sintered at 800°C as a Function of Time.
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Figure 21. Open Porosity of CaTiO-. + 5.90 mol% CaCO^ + 22 mol%
LiF Sintered at 800°C as a Function of Time.
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Figure 22. Open Porosity of CaTiO-^ + 5.90 mol% CaCO^ + 22 mol%
LiF Sintered at 1050°C as a Function of Time.
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Figure 2 k .

Open Porosity of CaTiO^ + 6.88 mol% CaCO^ + 22 mol%
LiF Sintered at 1050°C as a Function of Time.
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Figure 25. Shrinkage of CaTiCU + 4.74 mol% CaCO^ + 22 mol%
LiF Sintered at 800°C as a Function of Time.
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Figure 26. Shrinkage of CaTiCU + 4.74 mol% CaCCU + 22 mol%
LiF Sintered at 1050°C as a Function of Time.

SHRINKAGE ALONG DIAMETER. X
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Figure 27. Shrinkage of CaTiO^ + 5.90 mol% CaCO^ + 22 mol%
LiF Sintered at 800°C as a Function of Time.
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Figure 28. Shrinkage of CaTiCU + 5.90 mol% CaCCK + 22 mol%
LiF Sintered at 1050°C as a FunctionJof Time.
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Figure 29. Shrinkage of CaTiCU + 6.88 mol% CaCO^ + 22 mol%
LiF Sintered at 800°C as a Function of Time.
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Figure 30. Shrinkage of CaTi03 + 6.88 mol% CaC03 + 22 mol%
LiF Sintered at 1050°C as a Function of Time.
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Figure 31. Shrinkage of Specimens for 216 hours, Ca/Ti Ratio
is the Parameter.
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Similar to the density and porosity measurements, the
maximum shrinkage of 21.5% occurred for composition 1.07
after sintering 216 hours at 1050°C. This may due to the
presence of either more liquid in this specimen or to
temperature effects. Figure 31 shows that shrinkage is
weakly depend on temperature.

For example composition 1.07

sintering for 216 hours, at temperatures of 800° and 1050°C
the shrinkage was 17.4% and 21.5% respectively.

This shows

that most of the shrinkage occurred at the lowest
temperature.
Weight loss measurements indicate that due to the
reaction between LiF and CaCO^ and CaTiO^ a volatile
compound was formed even at temperature as low as 520°C
(Figure 5). All of the experiments showed that more weight
loss occurred than was expected from the simple loss of the
LiF initially added and the CO 2 evolving from the
decomposition CaCO^ during sintering. The expected losses
were 6.6%, 6.9%, and 7.3% for compositions 1.05,

1.06, and

1.07 respectively. The weight losses observed of the same
compositions, after sintering at 800°C for 216 hours are
7.3%, 7.6%, and 8.2% respectively (Figure 32). Thus,
additional compounds have to be contributing to the weight
loss. The weight loss increased with temperature but no
significant changes were observed over the 800-1050°C
temperature range (see Figures 32-39).

10
-

Ca/Ti 1.05

WEIGHT LOSS.

%

■ Ca/Ti 1.0 6

Figure 32. Weight Loss of Specimens Sintered at 800°C as a
Function of Time.
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Figure 33. weight Loss of Specimens Sintered 216 hours as a
Function of Ca/Ti Ratio, Temperature is the Parameter.
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Figure 36. Weight Loss as a Function of Time of CaTiO^ + 6.88
mol% CaCO^ + 22 mol% LiF Composition, Temperature
is the Parameter.
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Figure 37. Weight Loss of CaTiO^ + 4-74 mol% CaCO^ + 22 mol% LiF
Composition Sintered ior 216 hours as a Function of
Temperature.
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Figure 38. Weight Loss of CaTiCK + 5-90 mol% CaCCU + 22 mol% LiF
Composition Sintered ior 216 hours as a Function of
Temperature.
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Figure 39* Weight Loss of CaTiO^ + 6.88 mol% CaCO^ + 22 mol% LiF
Composition Sintereafor 216 hours as a Function of
Temperature.
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The highest weight loss was found in composition 1.07
which contained the largest CaCO^ content. This may due to
the presence of more liquid by the reaction between LiF and
CaCO^. As can be seen in Figures 34-36, the maximum weight
loss occurred during initial stage of sintering and was
influenced by the sintering temperature. For example in
Figure 34, weight loss of composition 1.05 sintered at 800°
and 1050°C for 16 hours is 4% and 7.8% respectively. This
suggests that volatile compound was formed in the early
stage of sintering and that increases in temperatures
enhanced the rate of weight loss.
The weight loss was observed to be temperature
dependent (see Figures 37-39). For example, the weight loss
of composition 1.05 after sintering 216 hours at 800 and
1050°C was 7.3% and 8.2% respectively (in Figure 37).
This again implies that the rate of reaction between LiF,
CaCO^, and CaTiO^ which forms the liquid and /or volatile
compound is increased by increasing temperature.
X-ray analysis of sintered specimens shows that a
primary phase to be CaTiO^, however, a few yet unidentified
X-ray diffraction lines were observed.

These lines may be

due to the oxyfluoride phase formation as was suggested by
Haussonne^ 1 1^ and Proudian^ 13 ^.

72

V.

CONCLUSIONS

CaTiO^ can be densified in the temperature range 800°
to 1050°C by the addition of CaCO^ and LiF.

The sintering

appears to be due to the presence of a liquid phase which
comes from the reaction between CaCO^ and LiF at
temperatures as low as 450°C.

This liquid which enhances

densification disappears through sublimation and solid
solution after extended anneals.

The maximum densities of

93% TD were achieved after sintering at 1050°C for 216
hours for the composition of CaTiO^ + 6.88 mol% CaCO^ + 22
mol% LIF.

However, only a slightly lower density of 92% TD

was obtained for the composition of CaTiO^ + A.74 mol%
CaCO^ + 22 mol% LiF sintered at 800°C for 216 hours which
indicates only a weak temperature dependence. Open porosity
and shrinkage were consistent with the density measurement
and showed that the lowest porosity and the highest
shrinkage were also obtained for the composition of CaTiO^
+ 6.88 mol% CaC03 + 22 mol% LiF sintered at 1050°C for 216
hours, with the value of 0.16% and 21.5% respectively.
Scanning electron micrographs show that a liquid
exists in the specimens even at temperature as low as
550°C.

SEM also shows that a little grain growth occurred

throughout the process with the maximum grain size being
about 2.0 pm.
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Weight loss was observed to start at temperatures
below 600°C, which suggest that volatile compounds were
formed at low temperature.

The weight losses measured

after sintering 216 hours in the temperature range
800-1050°C was found to be higher than could be expected
from the loss of LiF and CC>2 alone.

This again indicates

that a volatile compound must form by the reaction between
LiF, CaCO^, and CaTiO^.

The exact nature of a liquid phase

and volatile components is not known but it might be
related to a formation of oxyfluoride as has been suggested
by other investigators.
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APPENDIX A
Calculation of the Theoretical Density of
Calcium Titanate

CaTiO^ has an orthorhombic structure with Z = 4 and
ao= 5.4405 °A, bo = 7.6436 °A, co = 5.3812 °A
Volume of unit cell = a b c
= 5.4405x7.6436x5.3812 °A3
= 223.78x(10"8 )3
= 223.78x10"24

cm3

Molecular weight of CaTi03
= 40.08+47.90+3(16)
= 135.98 gm/mole
Weight of unit cell = Molecular Weight x Z
Avogadro’s No.
Theoretical Density =
=

Weight of Unit Cell
Volume of Unit Cell
Molecular Weight x Z____________
Avogadro’s No. x Volume of Unit Cell

Theoretical Density of CaTiO^
= ______ 135.98 x 4_________
6.023x1023 x 223.78x10~24
=

543.92
134.78

= 4.0355 gm/c.c.
This value obtained by calculation is identical with
given in the CaTi03 x-ray card.
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APPENDIX B
Equations used for plotting
1. Density:
Bulk density of sample =
unsoaked sample wt. in air x density of absorbed liquid
soaked sample w t . in air-soaked sample w t . in liquid
The saturating liquid used was M-Xylene with a room
temperature density of 0.8642 gm/cc.
Bulk density of sample =
_________ unsoaked sample wt. in air x 0.8642__________
soaked sample w t . in air-soaked sample w t . in M-Xylene
% Theoretical density:

=

(bulk density of sample)x 100
theoretical density of CaTiO^

= (bulk density of sample in gm/c.c.)x
4.036 gm/c.c.

100

2. Porosity:
Volume of open pores = Volume of liquid absorbed in
open pores
= Weight of liquid absorbed in open pores.
density of absorbed liquid
=soaked sample w t . in air-unsoaked sample wt. in air
density of absorbed liquid
The saturating liquid used was M-Xylene with a room
temperature of density 0.8642 gm/cc.

Volume of open pores

=

soaked sample w t . in air-unsoaked sample w t . in air
0.8642
Bulk volume of sample =
soaked sample wt. in air-soaked sample w t . in M-Xvlene
0.8642
% Open porosity

= volume of open pores x 100
bulk volume of sample

=soaked sample w t ., in air-unsoaked sample w t . in air x 100
soaked sample w t . in air-soaked sample w t . in M-Xylene
3. Shrinkage:
Fraction of shrinkage =

1,

ll
0
where: lfc

= total shrinkage in sample diameter at
time t

*0

= initial sample diameter

4. Weight Loss:
Percent weight loss

=

w
wo

where:

w^.

= total loss in sample weight at
time t

wt

= initial sample weight
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TABLE II.

PHYSICAL PROPERTIES OF SINTERED SPECIMENS
AT VARIOUS TIMES

Composition: CaTiO^ + A .94 mol% CaCO^ + 22 mol% LiF
Sintering Temperature: 800°C
Time Bulk Density
(hr)

(g/c.c.)

% TD

% Weight

% Firing

% Open

Losses

Shrinkage

Porosity

1

2.89+0.03

71.6+0.7

2.99+0.7

13.28+0.8

18.04+0.8

4

3.07+0.05

76.1+1.3

3.04+0.7

14.84+1.2

15.00+1.4

16

3.35+0.04

83.0+1 .0

4.02+0.8

16.80+0.8

7.60+0.8

50

3.48+0.02

86.4+0.4

6.13+0.5

17.58+0.4

5.53+0.3

140

3.56+0.02

88.1+0.4

6.58+0.3

19.14+0.4

3.39+0.3

216

3.72+0.00

92.2+0.0

7.30+0.1

20.31+0.0

0 . 19+0.0
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TABLE I I (continued)

Sintering Temperature: 900°C
Time Bulk Density
(hr)

(g/c.c.)

% Weight
% TD

% Firing

Losses

Shrinkage

% Open
Porosity

1

3.39+0.04

84.0+1.0

3.54+0.4

15.23+1.0

9.31+1.2

4

3.41+0.02

84.5+0.5

4.40+0.5

16.41+0.6

8.03+0.6

16

3.51+0.02

87.0+0.5

5.97+0.2

17.58+0.6

4.83+0.6

50

3.57+0.01

88.4+0.2

6.77+0.3

19.92+0.2

3.49+0.3

140

3.66+0.02

90.7+0.5

7.70+0.2

19.92+0.2

1.62+0.4

216

3.70+0.01

91.7+0.2

7.88+0.1

20.70+0.2

0.19+0.1

% Weight

% Firing

% Open

Losses

Shrinkage

Porosity

Sintering Temperature: 950°C

(hr)

(g/c.c.)

% TD

1

3.43+0.03

85.0+0.8

3.78+0.3

16.80+0.8

6.93+1.0

4

3.50+0.02

86.7+0.5

5.30+0.3

19.53+0.6

4.44+0.6

16

3.56+0.02

88.2+0.5

6.81+0.3

17.58+0.6

4.38+0.5

50

3.65+0.04

90.3+1.0

7.07+0.3

20.70+0.4

1.34+0.7

90.7+0.5

7.15+0.1

20.70+0.2

0.52+0.3

90.7+0.3

7.35+0. 1

21.09+0.2

0.22+0.2

216

3.66+0.01
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TABLE I I (continued)

Sintering Temperature:

1050°C

Time Bulk Density
(hr)

(g/c.c .)

% Firing

% Open

Losses

Shrinkage

Porosity

% Weight
% TD

1

3.62+0.01

89.7+0.3

7.00+0.2

20.31+0.2

2.92+0. 0

4

3.65+0.02

90.4+0.5

7.86+0.1

20.70+0.2

0.92+0. 2

16

3.66+0.01

90.7+0.2

7.80+0.1

20.51+0.2

2.06+0. 2

50

3.67+0.01

90.9+0.3

7.14+0.2

20.70+0.0

1.79+0. 3

216

3.73+0.01

92.5+0.3

8.24+0.1

21.48+0.0

0.40+0. 1

Composition: CaTiO^ + 5.90 mol% CaCO^ + 22 mol% LiF
Sintering Temperature: 800°C
Time

% Weight

D ensity
% TD

(g/c.c. )

% F irin g

% Open

Losses

Shrinkage

P orosity

2.84+0.05

70.4+1.2

3.14+0.8

12.20+1.2

20.22+1. A

4

3.06+0.06

75.8+1.5

3.17+0.7

13.48+1.4

18.12+1.

16

3.23+0.03

80.0+0.7

4.21+0.5

15.62+0.8

10.44+1. 0

50

3.42+0.04

6.13+1.0

17.19+0.8

6.73+0.

140

3.44+0.03

85.2+0.8

6.78+0.4

18.36+0.6

4.84+0. 7

216

3.54+0.04

87.7+1.0

7.63+0.3

19.33+0.6

1.03+0. 5

—J
1+
•
o

1

CO

(hr)

Bulk

6

8
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TABLE I I (continued)

Sintering Temperature: 900°C
Time Bulk Density
(hr)

(g/c.c .)

% Weight
% TD

% Firing

% Open

Losses

Shrinkage

Porosity

1

3.27+0.0A

81.0+1.0

3.63+0.5

1A.8A+1.0

11.82+1. 2

A

3.38+O.OA

83.7+1.0

A. 73 + 0.3

16.02+0.8

7.55+1. 0

16

3.52+0.03

87.0+0.8

6.61+0.3

18.36+0.8

3.70+0. 6

50

3.62+0.02

89.7+0.5

7.59+0.2

19.53+0.6

2.77+0. A

1AO

3.67+0.02

90.9+0.5

7.90+0. 1

21.28+0.A

0.71+0. 3

216

3.66+0.01

90.7+0.2

7.95+0.1

20.31+0.2

0.19+0. 1

% Weight

% Firing

% Open

Losses

Shrinkage

Porosity

Sintering Temperature:

950°C

Time Bulk Density
(hr)

(g/c.c .)

% TD

1

3.39+0.03

8A.0+0.8

3.97+0.3

17.19+0.8

6.59+0. 7

A

3.58+0.02

88.7+0.5

5.22+0.3

19.53+0.6

A.08+0. A

16

3.63+0.02

89-9+0.5

7.15+0.2

19.53+0.A

1.51+0. 3

50

3.66+0.02

90.7+0.5

7.89+0.1

21.09+0.A

0.65+0. 3

1AO

3.67+0.01

90.9+0.2

8.09+0.2

21.09+0.2

0.56+0. 2

216

3.66+0.00

90.6+0.0

8. 15+0.1

2 0 . 3 0 +0 . 0

0 . 18 + 0 . 1
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TABLE II(continued)

Sintering Temperature:

1050°C

Time Bulk Density
(hr)

(g/c.c.)

% TD

% Weight

% Firing

% Open

Losses

Shrinkage

Porosity

1

3.68+0.01

91.2+0.3

6.89+0.0

20.70+0.0

2.00+0. 2

4

3.73+0.01

92.4+0.2

7.62+0.1

21.09+0.0

0.25+0. 1

16

3.73+0.02

92.4+0.4

7.85+0.1

21.09+0.0

0.23+0. 2

50

3.73+0.01

92.4+0.2

7.91+0.1

21.09+0.0

0.20+0. 0

216

3.77+0.01

93.4+0.2

8.55+0.1

21.48+0.0

0.19+0. 0

Composition: CaTi02 + 6.88 mol% CaCO^ + 22 mol% LiF
Sintering Temperature: 800°C
Time Bulk Density

% Weight

% Firing

% Open

Losses

Shrinkage

Porosity

(g/c.c )

% TD

1

2.80+0.06

69.4+1.5

3.42+0.4

12.11+1.4

21.53+1. 6

4

2.93+0.07

72.6+1.7

3.60+0.4

12.89+1.4

19.36+1. 8

16

3.14+0.04

77.8+1.0

4.70+0.3

14.65+1.2

12.66+0. 8

50

3.27+0.04

81.0+1.0

6.61+0.5

16.02+0.8

9.12+0. 8

140

3.28+0.04

81.3+1.0

7.08+0.2

17.38+0.8

8.26+0. 7

216

3.31+0.02

82.2+0.5

8.03+0.2

17.58+0.4

4.24+0. 3

(hr)
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TABLE I I (continued)

Sintering Temperature: 900°C
Time Bulk Density
(hr)

(g/c.c .)

% TD

°/{j Weight

% Firing

% Open

Losses

Shrinkag

Porosity

1

3.24+0.05

80.2+1.2

4.00+0.5

15.62+1.2

11.54+1. 0

4

3.30+0.04

81.6+0.9

5.24+0.3

15.63+1.0

8.96+0. 8

16

3.47+0.05

86.0+1.3

6.62+0.7

18.36+1.0

4.54+1. 2

50

3.46+0.05

85.7+0.2

7.63+0.3

19.14+1.2

4.08+1. 0

140

3.47+0.03

85.9+1.0

7.96+0.2

17.97+0.8

3.30+0. 8

216

3.50+0.01

86.7+0.3

8.09+0.1

19.92+0.6

2.00+0. 5

% Firing

% Open

Sintering Temperature: 95Cl°C

%» Weight

Time Bulk Density
(hr)

(g/c.c .)

% TD

Losses

Shrinkage

Porosity

1

3.29+0.04

81.5+1.0

4.30+0.3

16.80+0.8

7.91+1. 2

4

3.50+0.02

86.7+0.5

5.63+0.2

19.14 + 0.4

4.01+0. 6

16

3.52+0.02

87.0+0.5

6.76+0.3

19.53+0.6

1.52+0. 4

50

3.55+0.03

88.0+0.8

7.42+0.2

20.31+0.4

2. 14+0. 7

140

3.56+0.02

88.1+0.5

7.58+0.1

19.92+0.2

1.72+0. 3

216

3.62+0.01

89-7+0.3

8.43+0.1

19.97+0.2

0.60+0. 1
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TABLE II(continued)

Sintering Temperature:

1050°C

Time Bulk Density
(hr)

(g/c.c.)

% TD

% Weight

% Firing

% Open

Losses

Shrinkage

Porosity

1

3.67+0.02

90.9+0.5

6.94+0.0

20.70+0.0

1.83+0.0

4

3.70+0.01

91.7+0.3

7.89+0.1

21.28+0.2

0.18+0.1

16

3.70+0.02

91.7+0.5

7.93+0.2

21.28+0.4

0.16+0.1

50

3.70+0.01

91.7+0.3

8. 19+0.3

21.28+0.0

0.22+0.0

216

3.78+0.01

93.7+0.3

8.55+0.1

21.48+0.0

0.16+0.1
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TABLE III.
DENSITY MEASUREMENTS
AFTER SINTERING 216 HRS.

Sintering

Bulk

Percent

Temp

Ca/Ti

W
W1

W2

W3

Density

(°C)

Ratio

(gm)

(gm)

(gm)

(gm/cc. )

(%)

800°

1.05

0.9024

0.9028

0.6939

3.72

92.2

same

0.9016

0.9023

0.6934

3.72

92.2

Average 0.9200

0.9025

0.6936

3.72+0.00 92.2+0.0

800°

800°

900°

of TD

1.06

0.91 17

0.9140

0.6904

3.52

87.2

same

0.9099

0.9134

0.6949

3.59

88.9

Average 0.9108

0.9137

0.6926

3.55+0.04 88.0+0.9

1.07

0.9082

0.9182

0.6822

3.31

82.0

same

0.9063

0.9166

0.6828

3.34

82.7

Average 0.9072

0.9174

0.6825

3.33+0.02 82.6+0.6

1.06

0.8848

0.8852

0.6789

3.70

91.7

same

0.8846

0.8848

0.6784

3.71

91.9

Average 0.8847

0.8850

0.6786

3.70+0.01 9 1.8 + 0.2
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TABLE I I I (continued)

Sintering

Bulk

Temp

Ca/Ti

Density

(°C)

Ratio

(gm)

(gm)

(gm)

1.06

0.8890

0.8903

0.6807

3.67

90.9

same

0.8885

0.8887

0.6791

3.65

90.4

Average 0.8887

0.8895

0.6799

3.66+0.01 90.7+0.3

1.07

0.8903

0.8923

0.6730

3.51

89.0

same

0.8897

0.8941

0.6749

3.50

86.7

Average 0.8900

0.8932

0.6739

3.50+0.01 86.7+0.3

1.05

0.9253

0.9263

0.7082

3.66

90.7

same

0.9250

0.9256

0.7081

3.67

90.9

Average 0.9252

0.9259

0.7082

3.66+0.01

90.7+0.2

900°

900°

950°

950°

(gm/cc.)

Percent
of TD
(%)

1.06

0.9185

0.9189

0.7025

3. 66

90.7

same

0.9185

0.9188

0.7025

3. 66

90.7

Average 0.9185

0.9188

0.7025

3. 66+ 0.00 90. 7+ 0.0
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TABLE III(continued)

Sintering

Bulk

Temp

Ca/Ti

W

(°C)

Ratio

(gm)

(gm)

(gm)

1.07

0.9173

0.9186

same

0.9180

950°

1050°

1050°

1050°

Note:

1

W2

«3

Density

Percent
of TD

(gm/cc.)

(%)

0.7004

3.62

89.7

0.9191

0.7007

3.63

89.9

Average 0.9176

0.9188

0.7005

3.62+0.01 89.7+0.3

1.05

0.9189

0.9200

0.7073

3.73

92.4

same

0.9184

0.9190

0.7072

3.74

92.7

Average 0.9186

0.9195

0.7073

3.73+0.01 92.4+0.3

1 .06

0.9156

0.9160

0.7058

3.76

93.2

same

0.9136

0.9140

0.7056

3.78

93.7

Average 0.9146

0.9450

0.7057

3.77+0.01 93.4+0.2

1.07

0.9157

0.9158

0.7071

3.79

93.9

same

0.9132

0.9136

0.7053

3.78

93.7

Average 0.9144

0.9147

0.7062

3.78+0.01 93.7+0.3

wi

= Unsaturated Weight of Sample in Air

W2 = Saturated Weight of Sample in Air
W3 = Suspended Weight of Sample in Xylene

